ABSTRACT Mutant Halobacterium halobium strains deficient in all previously reported rhodopsin-like pigments show phototaxis responses comparable to those of wild-type strains. Spectroscopic analysis reveals the presence ofa third retinal-containing pigment in the cells and their membrane fractions. It undergoes a photoreaction cycle with a half-time of 1 sec at room temperature and at physiological light intensities the photostationary state of the pigment consists of two species, one absorbing in the 580-to 590-nm region and the other at 373 nm, both ofwhich are photoactive. Illumination ofthe long-wavelength species generates the 373-nm intermediate, which upon photoexcitation reconverts to the long-wavelength form. Therefore, changes in the relative light intensities in the long-and short-wavelength regions of the visible spectrum cause opposing shifts in the photostationary state. The spectral sensitivity of this pigment correlates with the color-discriminating phototaxis sensitivities of this organism and strongly suggests that it is the sensory photoreceptor.
Motile Halobacterium halobium cells are attracted to longwavelength light (>520 nm) and repelled by shorter-wavelength light (<520 nm) (1) . These phototactic responses are mediated by one or more photoreceptors with retinal chromophores (2, 3, 4) . Two retinal pigments have been identified in H. halobium (5) : bacteriorhodopsin (bR) and more recently, halorhodopsin (hR). Both of these pigments have absorption spectra very similar to the action spectrum for the attractant response.
Originally bR was assumed to be the photoreceptor for the long-wavelength response, and the existence of another unidentified retinal pigment has been proposed to explain the short-wavelength response (2) . With the demonstration that the action spectra are actually difference action spectra, the discovery of hR, and the isolation of bR-hR+ mutants with intact phototaxis, this assignment needed to be reconsidered (for review see ref. 5) . Furthermore, the shift in the phototaxis action spectra observed when a retinal analogue was introduced into cells suggested that a pigment other than bR or hR mediates the photoattractant response (6) .
A recently developed technique allows the selection of mutants lacking both bR and hR, and these double mutants still retain their phototactic responses (7) . Here we show that these bR-hR-mutants contain a previously unidentified retinal pigment in their membranes which has a broad absorption in the 580-to 590-nm region. Under physiological illumination conditions it is partially converted to a second photoactive species with an absorption maximum at 373 nm. The bR-hR-mutants respond to attractant and repellent light stimuli with a sensitivity comparable to that of wild-type strains. We suggest that the new pigment may be the photoreceptor for both the shortwavelength repellent and long-wavelength attractant response in H. halobium.
MATERIALS AND METHODS
Strains and Photophysiology. S9-P is a single colony isolate from H. halobium S9 (isolated by L. Jan; see ref. 8 ), which consistently produces cells with high bR content. All other strains used are also derived from S9 but are bR-deficient-e.g., S9-O (7). L-33 is a carotenoid-deficient strain isolated by Lanyi (9) and Flx37 is a hR-deficient mutant ofL-33 selected as described (7) . Flx3 is a hR-deficient mutant selected from S9-O and therefore also bR-deficient, and OD2 is a single colony isolate from S9-O that does not show the rather high spontaneous rate of back conversion to bR production present in S9-O.
Cell culture, cell counts, measurement of light-dependent proton fluxes in whole cells, and preparation ofcell membranes by sonication of cell suspensions were as described (7) . We tested the photosensory response by tracking individual cells (3) and determining the change in the time between swimming reversals induced by photostimuli. The phototactic sensitivities were determined as the minimal intensity change required to induce >90% of the cells to reverse within 2 sec after stimulation. As stimuli for the photorepellent system we used light passed through a 520-nm short-pass interference filter and increased its intensity from various test values to 2.3 X 105 erg cm-2sec-1. To test the photoattractant system light passed through a 600 ± 20 nm filter was decreased from 4 Spectroscopy. The flash instrument and measuring techniques have been described (10) . Data were collected at 23°C + 1°C. We used either membranes or cell suspensions as described (7) . For measurement at higher resolution, membranes were pelleted at 250,000 X g (1 hr, 4°C) and mounted in split cuvettes with a 0.05-cm pathlength. Absorption spectra of pellets or membrane suspensions were obtained as described (11 
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. [bR]st = the bR concentration in a standard purple membrane suspension in water at neutral pH. The concentration was calculated from the absorbance by using an extinction coefficient of63,-000 M-'cm ' for a lightadapted sample at 570 nm (12) . 8A = absorbance change of bR in the sample determined by flash spectroscopy (10) measured typically at 600 nm or at 420 nm. 5A8t = absorbance change of bR in the purple membrane standard at the same wavelength.
To correct for screening of the actinic flash by bacterioruberin, bacteriorhodopsin was used as an internal reference by mixing a known amount of purple membrane with the sample, and 8A in the above expression is then the difference between the flash-induced absorbance changes measured before and after addition of the internal standard. Our detection limit when using this technique is about 80 bR molecules per cell. When applicable we have also used a nondestructive but less sensitive method to determine bR spectroscopically. It is based on the absorbance changes caused by light adaptation (13) . This method is not affected by screening because full conversion to the light-adapted form is always attained by increasing the irradiation time. The concentration ofhR in membranes was determined similarly, but the standard was a suspension ofhR-containing membranes with hR content calculated from the absorbance at 588 nm with the extinction coefficient 6hR = 48,000 M-'cm'- (14) . Absorbance changes for hR assay were measured either at 500 or 600 nm. S9-P (Table 1) , which has not been selected for pigment deficiencies, are indistinguishable from wild-type R1. The S9-P strain contains large amounts of bR and also hR,. as demonstrated by its light-driven proton uptake in the presence of uncouplers (we cannot measure hR spectroscopically in the presence of large amounts ofbR). The mutant OD2 contains <0.1% of the bR in S9-P, yet both the attractant and repellent sensitivities of OD2 are similar to those of S9-P (Table 1) . This indicates that bR is not required for either response. OD2 contains hR, as shown in Table 1 . The mutant Flx3 does not contain detectable amounts of bR or hR, yet its phototaxis responses are comparable in sensitivity to those of OD2 and S9-P (Table  1 ). Therefore at least one more pigment must exist to account .for the phototaxis.
RESULTS
Flash Difference Spectra of Halobacterium Membrane Preparations. In Fig. 1 we compare the transient absorbance changes at 600 nm after a 520-nm light flash for the bR-hR' strain L-33 and its derivative Flx37, which contains =8% ofthe hR in L-33 as determined by light-driven .H+ influx. The relaxation ofthe fast absorbance decrease can be resolved into two kinetic components with half-times of 1 sec and 10-2 sec. Flx37 shows the same two components as L-33 but with a marked reduction in the extent of the fast component. Comparison of a second pair of strains, OD2 (bR-hR+) and Flx3 Because the data of Fig. 2 show that for all four strains the dissection of the spectra on the basis of genetic differences in hR activity resolves the spectra into the same components identified by the kinetic analysis (Fig. 2) , we conclude that OD2, L-33, and Flx37 contain two independent pigments-one cycling in the msec time scale and another cycling at a much slower rate. Flx3 contains only the latter (Figs. 2 and 3) . The presence ofthis slow-cycling pigment, which is distinct in its photochemical activity from both hR and bR, has not been previously de- scribed. The fast-cycling pigment, which correlates with hR ion transport (Table 2) , shows a flash-induced difference spectrum very similar to that attributed to hR (15) ; its distinctive feature is the transient accumulation in the msec range of a species absorbing around. 500 nm.
Spectral Properties of the New Pigment. We examined membranes from several mutants with blocked retinal synthesis, and none ofthem contained detectable amounts ofthe slowcycling pigment, suggesting that it is a retinal-containing pigment. To demonstrate this directly, we grew Flx37 in the presence of nicotine, which inhibits retinal synthesis (2, 16, 17) . These nicotine-grown cells did not synthesize the slow-cycling pigment, as indicated by the absence of flash-induced absorbance changes. Addition of retinal to the cells generated a pigment with broad visible absorbance, and the flash-induced absorbance changes ofthe slow pigment appeared. Because ofthe slow photocycle and because ofthe retinal chromophore we will refer to it as. the "slow rhodopsinlicke pigment" (sR).
Two states of sR are evident in the time-resolved difference spectrum at 1-msec (Fig. 5) . The rise and decay times of the photosteady state (Fig.  5 Inset) are consistent with the photocycle kinetics determined by flash spectroscopy. Furthermore, the photosteady state absorbance spectrum corresponds closely to the time-resolved difference spectra of the slow pigment. At the higher wavelength resolution of the photosteady state spectra, the main peak of S373 shows two shoulders at 395 nm and 358 nm (± 2 nm).
Excitation of S373 with near UV (actinic wavelength 360.nm) regenerates sR9. Although the detailed pathway of this photoconversion has not been fully analyzed, the rates of depletion of S373 and generation of sR9 are obviously kinetically linked (Fig. 5 Inset) . We therefore provisionally assume the photocycle for sR shown in Fig. 6 , in which wavy arrows indicate light-dependent conversion and straight arrows indicate thermal steps.
sR differs from the other two rhodopsin-like pigments.of H. halobium not only in its spectral properties. In contrast to hR, its photocycle is insensitive to NaCl concentration from 5 mM to 4 M; in contrast to both bR and hR, its photochemical activity is destroyed by 30 mM octylglucoside in 4 M NaCl at neutral pH and room temperature. (1) and-370 nm for photorepulsion (2) . Both sR forms are photoactive and both are present under physiological illumination conditions. We have also shown that sR is not found in nicotine-grown cells and can be generated by retinal addition. The same is. true for the retinal-dependent phototactic responses (2) . sR is the only photoactive retinal pigment we have detected in Flx3. Therefore, our data strongly suggest that sR may function as a photoreceptor for both the attractant and repellent responses. A combination of genetic and behavioral studies may be able to link sR unequivocally to the phototactic response.
DISCUSSION
Note Added in Proof. We have isolated a retinal-deficient derivative of Flx3 that contains the sR apoprotein, regenerated sR in vesicles of this strain with all-trans retinal, and monitored. its absorbance by differenee spectroscopy. The sR9 absorbance maximum obtained in this manner is 589 ± 3 nm, which is identical to that reported for hR in previous work. Therefore, spectral and chemical properties attributed to hR solely on absorbance criteria prior to discovery ofsR may be properties of this new pigment.
